We have exploited the ability of transmembrane domains to engage in highly specific protein-protein interactions to construct a new class of small proteins that inhibit HIV infection. By screening a library encoding hundreds of thousands of artificial transmembrane proteins with randomized transmembrane domains (termed "traptamers," for transmembrane aptamers), we isolated six 44-or 45-amino-acid proteins with completely different transmembrane sequences that inhibited cell surface and total expression of the HIV coreceptor CCR5. The traptamers inhibited transduction of human T cells by HIV reporter viruses pseudotyped with R5-tropic gp120 envelope proteins but had minimal effects on reporter viruses with X4-tropic gp120. Optimization of two traptamers significantly increased their activity and resulted in greater than 95% inhibition of R5-tropic reporter virus transduction without inhibiting expression of CD4, the primary HIV receptor, or CXCR4, another HIV coreceptor. In addition, traptamers inhibited transduction mediated by a mutant R5-tropic gp120 protein resistant to maraviroc, a small-molecule CCR5 inhibitor, and they dramatically inhibited replication of an R5-tropic laboratory strain of HIV in a multicycle infection assay. Genetic experiments suggested that the active traptamers specifically interacted with the transmembrane domains of CCR5 and that some of the traptamers interacted with different portions of CCR5. Thus, we have constructed multiple proteins not found in nature that interfere with CCR5 expression and inhibit HIV infection. These proteins may be valuable tools to probe the organization of the transmembrane domains of CCR5 and their relationship to its biological activities, and they may serve as starting points to develop new strategies to inhibit HIV infection.
D
espite the recognized importance of G protein-coupled receptors (GPCRs) in many biological processes and as therapeutic targets, our understanding of their structure and function remains incomplete. The hydrophobic core of these multipass transmembrane (TM) proteins is flexible, suggesting that essential interactions between the TM domains could be disrupted with specific hydrophobic proteins (23) . Other laboratories have modulated GPCR activity using TM peptides derived from native receptor sequences (16, 19, 41) . As an alternative approach, we have developed genetic selections to identify proteins with the desired activity from a large collection of small, randomized TM proteins, also called traptamers (for transmembrane aptamers), modeled on the 44-amino-acid bovine papillomavirus (BPV) E5 protein, which targets the platelet-derived growth factor ␤ receptor (PDGF␤R) (40) . These proteins might be preferable to those derived from naturally occurring TM domains because artificial proteins are not subject to evolutionary constraints that might limit activity or affect specificity. Until now, this approach has been restricted to isolating traptamers that stimulate the activity of single-pass TM proteins (7, 14) .
Here, we constructed traptamers that inhibited expression of the human immunodeficiency virus (HIV) coreceptor, CCR5, a chemokine receptor with seven membrane-spanning domains. HIV infects human immune cells through an initial interaction between the viral envelope glycoprotein gp120 and the host cell surface protein CD4. This is followed by binding of gp120 to an additional cellular receptor, typically CCR5 or CXCR4, and subsequent fusion of viral and cellular membranes (4, 11, 37) . CCR5 is the main coreceptor used by HIV during transmission, and individuals homozygous for a nonfunctional CCR5 deletion mutant (CCR5⌬32) are largely resistant to infection (21, 29, 34, 36, 43) . As a result, major research efforts have been devoted to identifying inhibitors of CCR5 (25) . Such inhibitors are attractive because they act at an early step in the HIV life cycle and are aimed at a cellular target that is not essential for organismal viability nor subject to the high mutation rate that affects HIV genes (30) . The only CCR5 inhibitor approved for clinical use is maraviroc, a small-molecule allosteric inhibitor (15, 17, 24) . Because HIV gp120 mutants can arise that recognize the drug-induced altered conformation of CCR5 at the cell surface, thereby causing drug resistance, strategies that reduce CCR5 expression may be preferable to those that primarily affect CCR5 conformation or activity (32) . Indeed, genetic approaches are being developed to block CCR5 expression using a variety of techniques, including RNA interference and zinc finger nucleases (1-3, 20, 28, 38, 39) . Since the effectiveness of these treatments in humans is still being evaluated, the development of additional methods to target CCR5 remains important.
We screened a library expressing many different artificial TM proteins and identified several unique proteins that specifically downregulated CCR5 expression and inhibited infection by R5-tropic HIV. Further study of these traptamers may provide insight into how the TM domains of CCR5 interact to specify its structure (HA-pMSCV-puro). The ligation reaction was used to transform Escherichia coli strain DH10-␤ (Invitrogen). DNA from randomly picked ampicillin-resistant colonies was sequenced to confirm the desired amino acid composition and structure of clones in the library. Approximately 6.6 ϫ 10 5 colonies of transformed bacteria were pooled, and plasmid DNA isolated from the pooled bacteria was used to generate the YX4 library.
The BY1 and BY6 limited random mutagenesis (LRM) libraries were constructed using degenerate oligonucleotides with fixed upstream sequences encoding amino acids 12 to 18 of the two traptamers, followed by a mutagenized sequence encoding amino acids 19 to 42 of each protein and a downstream sequence encoding Tyr43 and Trp44, a stop codon, and restriction sites for cloning. Each mutagenized position was synthesized with a nucleotide mixture consisting of 94% of the wild-type base from BY1 or BY6 and 2% each of the three remaining bases. This randomization scheme is predicted to yield an average of three substitutions per TM domain sequence. Each degenerate oligonucleotide was annealed to another oligonucleotide that was complementary to its fixed 3= sequence and encoded additional downstream restriction sites. The resulting annealed products were extended and amplified by PCR using short primers complementary to the fixed regions at each end, digested using BstXI and EcoRI, and ligated into the HA-pMSCV-puro vector. The ligation reaction was used to transform E. coli strain DH10-␤. DNA from randomly picked ampicillin-resistant colonies was sequenced to confirm the desired amino acid composition and structure of clones in each library. We pooled approximately 4 ϫ 10 5 and 1 ϫ 10 6 bacterial colonies for the BY1 and BY6 LRM transformations, respectively, and the plasmid DNA isolated from the pooled bacteria was used to generate the BY1 and BY6 LRM libraries.
Generation of BaF3 cell lines expressing individual chemokine receptors. To generate BaF3 cells expressing human CCR5, cells were infected with a pMSCV-CCR5-neo retroviral expression vector, constructed by cloning the CCR5 gene from the pBABE-CCR5-puro plasmid (obtained through NARRRP; pBABE.CCR-5, catalog number 3331, deposited by Nathaniel Landau) into the pMSCV-neo retroviral vector (Clontech). Retroviral stocks were prepared as described above. Parental BaF3 cells were plated in a 12-well plate (5 ϫ 10 5 cells per well in 500 l of RPMI-IL-3 medium) and infected with 500 l of concentrated stock of the MSCV-CCR5-neo virus or empty MSCV-neo vector, and one well was mock infected with medium only. Polybrene was added to each well at a final concentration of 4 g/ml. After 4 h at 37°C, cells were transferred to individual 25-cm 2 flasks containing 9 ml of RPMI-IL-3 medium with Polybrene. Two days later, 2 ϫ 10 6 cells from each sample were collected and resuspended in RPMI-IL-3 medium containing 1 mg/ml G418 (selection medium). Six days later, when the mock-infected cells were dead, cells from the remaining samples were resuspended in medium without drug.
Fluorescence-activated cell sorting (FACS) was used to isolate a cell population expressing high levels of cell surface CCR5. Briefly, 2.5 ϫ 10 6 G418-resistant cells were washed twice with phosphate-buffered saline (PBS) and incubated with blocking buffer (0.5% bovine serum albumin [BSA] in PBS, with azide) for 10 min. The cells were pelleted and incubated without permeabilization for 1 h at 4°C in blocking buffer with the mouse monoclonal anti-CCR5 antibody 45523 (antibodies used for flow cytometry are listed in Table S2 in the supplemental material), which recognizes a conformation-specific, extracellular epitope of CCR5 (27) . After two washes with blocking buffer, the cells were resuspended in blocking buffer with an Alexa Fluor 488-conjugated donkey anti-mouse IgG secondary antibody (10 g/ml final concentration) and incubated for 1 h at 4°C. The cells were then washed twice with blocking buffer and once with PBS and resuspended in PBS prior to sorting with a FACS Aria (BD Biosciences). The 5% of cells with the highest levels of cell surface CCR5 expression were isolated. This pooled cell line was used for the YX4 library screen. A clonal cell line with confirmed CCR5 expression was subsequently established from this sorted pool of cells and used for all experiments with individual clones isolated from the library.
A similar procedure was used to generate the BaF3-CCR2b cell line. The human CCR2b gene was cloned from a pcDNA3-CCR2b plasmid (12) (obtained from Robert Doms, University of Pennsylvania) into pMSCV-neo. Unconcentrated retrovirus was prepared as described above and used to infect BaF3 cells. Following selection in medium containing G418, cell surface CCR2b expression was confirmed by flow cytometry using the CCR2b-specific antibody 48607. A clonal cell line with high receptor expression was established from these transduced cells and used for all experiments.
To generate a chimeric receptor with CCR5 TM domain 5 (TM5) replaced with the corresponding CCR2b sequence (designated 5555255), site-directed mutagenesis was used to introduce four amino acid substitutions (K197M/I198R/V199N/V209I) into pMSCV-CCR5-neo. A gene encoding a chimera in which TM domains 4, 5, and 6 (along with the second and third intracellular loops and the second extracellular loop) of CCR2b were replaced with the corresponding CCR5 sequences (2225552) (35) (obtained from Robert Doms) was also cloned into pMSCV-neo. Unconcentrated retroviral stocks of each chimera were used to infect BaF3 cells, and clonal lines were generated with high cell surface expression of each chimera, as assessed by flow cytometry with either CTC5 or 48607 antibody as appropriate.
YX4 library infection and selection. BaF3-CCR5 cells were plated in a 12-well plate (5 ϫ 10 5 cells per well in 500 l medium) and infected with 500 l concentrated virus stocks of the YX4 retroviral plasmid library (eight wells) or the HA-pMSCV-puro vector (one well) as described above. Two days after infection, 2 ϫ 10 6 cells from each sample were resuspended in selection medium containing 1 g/ml puromycin. Three days later, when mock-infected cells were dead, cells from each remaining sample were resuspended in medium without drug. The following day, an aliquot of 2 ϫ 10 6 cells from each original infected well was incubated with the conformation-specific 2D7 or 45523 antibody as described above for antibody 45523 (four pools of cells per antibody). FACS was used to recover the 10% of cells from each infected pool that displayed the lowest binding to the antibodies. The sorted cells were expanded, and genomic DNA was isolated (DNeasy Blood and Tissue Kit; Qiagen) from each of the eight pools (approximately 2 ϫ 10 6 cells per pool) and combined. Library insert sequences were recovered from the genomic DNA by PCR amplification (Expand Long Template PCR kit; Roche) using primers specific for the invariant portions of the E5 gene and the vector. The resulting PCR products were purified, digested using XhoI and EcoRI, and ligated into the HA-pMSCV-puro vector. The ligation product was used to transform E. coli strain DH10-␤ (Invitrogen), and the plasmid DNA isolated from pooled lawns of ampicillin-resistant bacteria was used to generate the secondary library.
The secondary library was packaged, concentrated, and used to infect four wells of naïve BaF3-CCR5 cells as described above. Following puromycin selection, the cells were incubated with the 2D7 or 45523 antibody (two pools per antibody), and the 2.5% of cells from each pool that displayed the lowest antibody binding were recovered by FACS. The genomic DNA isolated from expanded, sorted cells was kept in four separate pools for recovery and amplification of the library sequences, and four tertiary libraries were prepared as described above. The tertiary libraries were packaged separately, concentrated, and used to infect one well each of naïve BaF3-CCR5 cells. Following drug selection and recovery, the cells were sorted as before with the antibody used in the previous round for a given pool. The population of cells displaying minimal antibody binding was recovered (approximately 1 ϫ 10 5 to 2 ϫ 10 5 cells per pool), and the genomic DNA from each pool was used to generate separate quaternary libraries. The quaternary libraries were packaged, used to infect separate pools of naïve BaF3-CCR5 cells, and sorted as described above. The cells with minimal antibody binding were recovered (approximately 1.5 ϫ 10 5 to 4 ϫ 10 5 per pool), genomic DNA from each pool was isolated, and library inserts were amplified and ligated into the HA-pMSCV-puro vector and used for bacterial transformation. Individual colonies were sequenced after the third and fourth rounds of selection.
Testing clones for inhibition of CCR5 expression. Sequences that were repeated multiple times in pools from the tertiary and/or quaternary libraries, as well as a clone from the unselected primary library (US7), were packaged individually into retrovirus and used to infect BaF3-CCR5, PM1, or CEM.NKR-CCR5 cells as described above for BaF3-CCR5 cells. For these infections, a single well of cells was infected with 1 ml of unconcentrated virus for each clone. Following drug selection (1 g/ml puromycin for BaF3-CCR5 and 0.5 g/ml for PM1 and CEM.NKR-CCR5 cells), cells were incubated with a conformation-specific (2D7, 45523, or 45531) or non-conformation-specific (CTC5) CCR5 antibody and analyzed by flow cytometry using a FACSCalibur (BD Biosciences). The above procedure was also used to express the traptamers in BaF3 cells expressing CCR2b or the chimeric receptors, and drug-selected cells were analyzed by flow cytometry using anti-CCR5 (CTC5) and anti-CCR2b (48607) antibodies as described. The CXCR4-specific monoclonal antibodies 12G5, 44708, and 44717 and the CD4-specific monoclonal antibody B4 were used to analyze CXCR4 and CD4 levels, respectively, by flow cytometry.
BY1 and BY6 limited random mutagenesis library selections. For infection with the BY1 LRM library, PM1 cells were infected as described above with 500 l of concentrated virus stocks of the BY1 LRM library (eight wells) or the HA-pMSCV-puro vector (one well) and selected with 0.5 g/ml puromycin. Four days later, cells were resuspended in medium without drug. The following day, 2 ϫ 10 6 cells per pool were incubated with the conformation-specific 2D7 antibody as described above. FACS was used to recover the 10% of cells from each infected pool that displayed the lowest binding to the antibody. The sorted cells were expanded, and genomic DNA was isolated from each of the eight pools and combined. Library insert sequences were recovered from the genomic DNA and cloned into HA-pMSCV-puro. The ligation product was used to transform E. coli strain DH10-␤, and the plasmid DNA isolated from lawns of ampicillin-resistant bacteria was used to generate the secondary library.
The secondary library was packaged into retrovirus, concentrated, and used to infect four pools of naïve PM1 cells. Following puromycin selection, the cells were incubated with the 2D7 antibody, and the 5% of cells from each pool that displayed the lowest antibody binding were recovered by FACS. The genomic DNA isolated from the expanded, sorted cells was kept in four separate pools for recovery of the library sequences, and four tertiary libraries were prepared as described above. Each was packaged separately, concentrated, and used to infect one pool of naïve PM1 cells. Following puromycin selection, the cells were sorted as before to recover the 5% of cells from each pool that displayed the lowest antibody binding. The genomic DNA from each sorted pool was used to generate four quaternary libraries, which were packaged into retrovirus and used to infect four separate pools of CEM.NKR-CCR5 cells. These cells were drug selected and sorted for reduced antibody binding to CCR5 as in previous rounds, and those with lowest antibody binding were recovered (2 ϫ 10 5 to 5 ϫ 10 5 per pool). The genomic DNA from each pool was isolated separately, and the library inserts were cloned into the HA-pMSCV-puro vector and used for bacterial transformation. Individual colonies were selected for DNA sequencing. Sequences that were repeated multiple times were packaged individually into retrovirus and used to infect PM1 or CEM.NKR-CCR5 cells as described above. Following drug selection and recovery, these cells were incubated with the 2D7 or CTC5 anti-CCR5 antibody for flow cytometry.
The BY6 LRM library was screened in CEM.NKR-CCR5 cells as described above for the BY1 LRM library screen. In the first round of the screen, the 10% of cells from each of eight infected pools with the lowest binding to the 2D7 antibody were isolated by FACS. The secondary library was prepared and used to infect naïve CEM.NKR-CCR5 cells. In this round, the 5% of cells from each of four infected pools with the lowest antibody binding were isolated. Four tertiary libraries were prepared and used to infect naïve CEM.NKR-CCR5 cells. The 10% of the cells in each pool with minimal antibody binding were isolated by FACS. Inserts were cloned from genomic DNA, and sequences that were repeated multiple times were packaged individually into retrovirus for testing.
qRT-PCR and immunoblotting. Total RNA was isolated from approximately 1.5 ϫ 10 6 cells with TRIzol (Ambion) and purified using a phenol-chloroform protocol and an Ambion Turbo DNA-Free kit. cDNA synthesis was performed using a Bio-Rad iScript cDNA synthesis kit, and quantitative real-time PCR (qRT-PCR) was carried out using a Bio-Rad MyiQ Thermal Cycler, Bio-Rad iQ SYBR green Supermix, and primers specific for CCR5 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; used as a control) (see Table S1 in the supplemental material).
For immunoblotting, detergent extracts were made using radioimmunoprecipitation assay-morpholinepropanesulfonic acid (RIPA-MOPS) lysis buffer (20 mM MOPS, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride [PMSF], activated sodium metavanadate, leupeptin, and aprotinin). Lysates were incubated on ice for 20 min and then centrifuged at Ͼ14,000 ϫ g for 30 min at 4°C. The concentration of protein in the supernatant was quantified using a Pierce bicinchoninic acid (BCA) protein assay kit. For CCR5 immunoblotting, 25 g of extracted protein was transferred to a new tube for each sample, 2ϫ protein sample buffer (with ␤-mercaptoethanol and dithiothreitol [DTT]) (2ϫ PSB) was added, and samples were heated at 72°C for 5 min. Proteins were separated by electrophoresis on a 10% SDS-polyacrylamide gel and transferred to a 0.2-m-pore-size polyvinylidene difluoride (PVDF) membrane in transfer buffer without SDS (25 mM Tris-base, 192 mM glycine, 20% methanol) for 1 h at 100 V. Membranes were blocked in 5% milk and Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST) with azide for 1 h at room temperature and then incubated overnight with primary antibody diluted in 5% milk-TBST with azide. To detect CCR5 by immunoblotting, a rat monoclonal antibody against CCR5, CKR-5 (HEK/1/85a; Santa Cruz Biotechnology), was used at a 1:1,000 dilution in 5% milk-TBST as a primary antibody, followed by a goat anti-rat horseradish peroxidase (HRP)-conjugated secondary antibody (Jackson ImmunoResearch). To detect actin as a loading control, membranes were stripped in Restore Western Stripping Buffer (Thermo Scientific) for 30 min at 37°C with vigorous shaking, washed five times in TBST, blocked in 5% milk-TBST with azide for 1 h at room temperature, and incubated overnight with a polyclonal goat antibody against actin (C11; Santa Cruz Biotechnology) diluted 1:1,000 in 5% milk-TBST with azide, followed by a donkey anti-goat-HRP secondary antibody (Jackson ImmunoResearch). To detect the traptamers, 500 g of total protein was incubated with 30 to 50 l of Roche anti-HA affinity matrix (immobilized rat monoclonal, clone 3F10) and rotated overnight at 4°C. Beads were then pelleted at Ͼ14,000 ϫ g for 1 min and washed three times in 1 ml of NET-N (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40) with PMSF. After the final wash, 20 l of 2ϫ PSB was added to each pellet. Samples were separated by electrophoresis on a 20% SDS-polyacrylamide gel or a 4 to 20% Mini-Protean TGX gel (Bio-Rad). After electrophoretic separation, proteins were transferred to PVDF membranes as described above for CCR5. Blocked membranes were incubated overnight with a 1:1,000 dilution of a mouse anti-HA antibody (clone 12CA5), followed by a 1-h incubation with a donkey anti-mouse-HRP secondary antibody. All blots were visualized using either a SuperSignal West Pico Chemiluminescent Substrate or a SuperSignal West Femto Maximum Sensitivity Substrate detection kit (Thermo Scientific).
Cell surface biotinylation assay. To biotinylate cell surface proteins, 2.5 ϫ 10 6 BaF3-CCR5 cells expressing various traptamers were washed once in PBS and incubated in 5 ml polystyrene round-bottom tubes (BD Falcon) with 750 g of EZ-Link sulfo-NHS-SS-biotin (sulfosuccinimidyl 2-[biotinamido]ethyl-1,3-dithiopropionate) reagent (diluted in dimethyl sulfoxide [DMSO] ; Thermo Scientific) in 1 ml of biotinylation buffer (10 mM triethanolamine, 2 mM CaCl 2 , 125 mM NaCl, pH 8.9) and rocked for 25 min on ice at 4°C. Cells were then pelleted by centrifugation at 250 ϫ g at 4°C for 5 min, and the supernatant was aspirated. Biotinylation was repeated once more as above with fresh biotin and biotinylation buffer.
Unreacted biotin was quenched by the addition of 1 ml of 100 mM glycine in phosphate-buffered saline with 0.1 mM CaCl 2 and 1 mM MgCl 2 (PBS 2ϩ ) and incubation with rocking for 20 min on ice at 4°C. Cells were then washed once in cold PBS 2ϩ and lysed in 1 ml of RIPA-MOPS lysis buffer, transferred to an Eppendorf tube, and incubated on ice for 20 min. To precipitate biotinylated proteins, 60 l of Pierce streptavidin-agarose resin beads (Thermo Scientific), washed three times in RIPA-MOPS lysis buffer, was added to each lysate and rotated overnight at 4°C. The following day, the streptavidin beads were pelleted by centrifugation at Ͼ14,000 ϫ g for 1 min, and the supernatant was transferred to a new Eppendorf tube and saved. The streptavidin beads were then washed three times in NET-N containing PMSF and resuspended in 20 l of 2ϫ PSB. To determine the amount of receptor that was not biotinylated (intracellular pool), CCR5 was immunoprecipitated from the recovered supernatant with the rat monoclonal antibody CKR-5 and protein A/G Plusagarose beads (Santa Cruz Biotechnology) and washed as above. CCR5 was detected by immunoblotting as described above with CKR-5.
Reporter virus assays. Calcium phosphate precipitation was used to cotransfect 293T cells with the HIV-eYFP reporter plasmid and a plasmid expressing R5-tropic (ADA, BaL, JRFL, SF162, B1206, BK184, and MG505), R5X4-tropic (89.6), X4-tropic (Lai and HXB2), or control (VSV-G) Env proteins (10) . The BaL, 89.6, and Lai envelope plasmids were provided by Robert Doms, and the ADA, JRFL, SF162, and HXB2 plasmids were provided by Dan Littman. B1206 (catalog number 11519), BK184 (catalog number 11522), and MG505 (catalog number 11528) plasmids were obtained from the NARRRP (deposited by Julie Overbaugh). All of the envelopes used were cloned from subtype B viruses with the exception of BK184 (subtype C/D) and B1206 and MG505 (both subtype A). Pseudoviruses were harvested from transfected cells as described above for other retroviruses. PM1 cells stably expressing individual traptamers or a vector control were plated in six-well plates (1 ϫ 10 5 cells per well in 500 l of RPMI-10 medium) and infected with 2 ml of unconcentrated reporter virus for pseudotypes with HIV env or 500 l of unconcentrated virus plus 1.5 ml of RPMI-10 medium for the VSV-G-pseudotyped virus in the absence of Polybrene. After 72 h, cells were analyzed by flow cytometry to measure eYFP fluorescence. The percentage of infected cells for each sample was calculated as the fraction of the total number of cells analyzed that were eYFP positive. In these experiments, in addition to the appearance of a peak of fluorescent cells expressing eYFP (M1 gate shown in Fig. 5A ), a second peak of weakly eYFP-positive cells was observed whose fluorescence partially overlapped with that of uninfected cells (shown at the left of each plot in Fig. 5A ). The latter shift appears to be attributable to pseudotransduction (i.e., delivery of eYFP packaged in virus particles) (18) and was not observed in experiments where the reporter virus was removed and replaced with fresh medium 4 h after the initial infection. Therefore, we quantified only the peak shown at the right of each plot in Fig. 5A by using a gate which excluded 99% of mock-infected cells.
To measure transduction of TZM-bl cells, we generated reporter viruses pseudotyped with the R5-tropic Env protein ADA or R3, a maraviroc-resistant R5-tropic Env protein (provided by Robert Doms) (42). TZM-bl cells stably expressing empty vector or individual traptamers were plated in six-well plates (1 ϫ 10 5 cells per well) 1 day prior to infection. One hour prior to infection, the medium in each well was replaced with 500 l of fresh DMEM-10T medium. For the maraviroctreated control samples, maraviroc (obtained from NARRRP; catalog number 11580, deposited by the Division of AIDS, NIAID) was added to a final concentration of 100 nM. After 1 h at 37°C, the cells were infected with 2 ml of unconcentrated reporter virus per well and incubated at 37°C in the absence of Polybrene. After 4 h, the virus and medium on each well were replaced with 2 ml of fresh DMEM-10T medium. After 72 h, cells were analyzed by flow cytometry for eYFP expression as described above.
HIV replication assay. PM1 cells stably expressing BY1PC2 or the unselected clone US7 (5 ϫ 10 5 cells per well) were infected with 1 l of pNL-BaL or pNL4-3 virus (p24 capsid concentrations, 0.44 g/ml and 1.58 g/ml, respectively) in a 12-well plate. On alternating days postinfection (from 2 days to 24 days), supernatant was removed from each well of infected PM1 cells, centrifuged at 15,000 rpm for 4 min at room temperature, and used to infect TZM-bl cells (500 l of supernatant to each well of cells plated 1 day prior as described for PM1 cells). The remaining PM1 cells in each well were split at a ratio of 1:4. TZM-bl cells were harvested 3 days after infection by washing with 500 l of PBS and lysis in 250 l of luciferase lysis buffer. Lysates were stored at Ϫ20°C and analyzed simultaneously at the end of the experiment time course for luciferase activity generated by Tat-mediated induction of the integrated HIV promoter in the TZM-bl cells. Each experiment was performed in triplicate.
RESULTS

Library design and cells for screening.
To isolate TM protein inhibitors of CCR5, we constructed a retroviral library, YX4, encoding a large number of small, artificial hydrophobic proteins with randomized TM domains (Fig. 1A) . As described in Materials and Methods, the TM domain of the traptamers (amino acids 19 to 42) was randomized by synthesizing a degenerate oligonucleotide using nucleotide mixtures that encoded a composition of amino acids similar to that of naturally occurring TM domains (i.e., ϳ80% hydrophobic and ϳ20% hydrophilic) (13) . In addition, positions 45 and 46 were randomized to insert stop codons in approximately 35% of the clones since disulfide-linked dimers, mediated by the cysteines in the C terminus of BPV E5, might not be ideal for targeting a multipass TM protein. The proteins expressed by the library also contained an N-terminal influenza virus hemagglutinin (HA) tag. Sequencing of individual library members confirmed the design of the library, with approximately 40% of the clones encoding truncated proteins (Fig. 1A) . Based on deep sequencing of a similar library, we estimate that YX4 expresses several hundred thousand unique, small TM proteins (31) . To generate cells for the inhibitor screen, we stably expressed human CCR5 in murine BaF3 cells and used fluorescence-activated cell sorting (FACS) to isolate BaF3-CCR5 cells expressing a high and homogeneous level of cell surface CCR5.
Isolation of CCR5 inhibitors using a FACS-based screen. Several independent pools of BaF3-CCR5 cells were infected with the YX4 traptamer expression library and stained without permeabilization with a conformation-specific anti-CCR5 antibody (Fig. 1B) . The library-infected cells displayed flow cytometry profiles similar to those of uninfected cells ( Fig. 2A) , consistent with our expectation that traptamers targeting CCR5 are rare in the library. FACS was used to isolate the 10% of cells from each infected pool that displayed the lowest binding to the CCR5 antibody to enrich for cells in which a traptamer inhibited the expression of CCR5 or affected its folding or localization. Library sequences were recovered by PCR from genomic DNA isolated from the sorted cells, cloned back into the retroviral vector to generate a secondary library, packaged into retrovirus particles, and used to infect naïve BaF3-CCR5 cells. The 2.5% of infected cells that displayed the lowest binding to the anti-CCR5 antibody were isolated by FACS, and library sequences were again recovered and used to generate tertiary libraries, which were used to infect naïve BaF3-CCR5 cells. In this round, approximately 10% of the infected cells showed a clear reduction in anti-CCR5 antibody binding (Fig. 2A) . These cells were recovered by FACS, and the library sequences amplified from genomic DNA were used to generate quaternary libraries. Strikingly, 30 to 40% of BaF3-CCR5 cells infected with the quaternary libraries displayed dramatically reduced CCR5 antibody binding (Fig. 2A) . These cells were recovered, and inserts encoding the TM proteins were amplified, cloned, and sequenced. A number of clones were repeated multiple times (Fig. 1A, clones BY1 to BY6) . The TM sequences of the repeated clones were not related to one another, to the wild-type BPV E5 sequence, or to other known proteins, and all of them were truncated after the randomized TM domain, suggesting a strong selection against disulfide-linked dimers.
Retroviral vectors encoding BY1 to BY6, as well as a truncated sequence from the unselected YX4 library (clone US7), were packaged and used to infect clonal BaF3-CCR5 cells. Expression of cell surface CCR5 was assessed by flow cytometry of nonpermeabi- lized cells. Each of the selected proteins reduced the binding of conformation-specific (45523, 2D7, and 45531) and non-conformation-specific (CTC5) anti-CCR5 antibodies to cells, but the unselected protein did not ( Fig. 2B and C; also data not shown) . Notably, all of the antibodies displayed similar patterns of binding, in which expression of proteins BY1 to BY4 resulted in nearly complete elimination of antibody binding, whereas there was greater residual antibody binding to cells expressing BY5 and BY6. As shown in Fig. 2D , the traptamers were readily detectable by immunoblotting.
Effects of traptamers on CCR5 mRNA and protein levels. To determine whether the traptamers affected CCR5 transcription, total RNA was harvested from BaF3-CCR5 cells expressing the empty vector, an active clone, or US7, and qRT-PCR was used to quantify CCR5 mRNA. None of the traptamers affected CCR5 mRNA levels (Fig. 3A) , indicating that they did not repress CCR5 transcription or destabilize CCR5 mRNA. Because the traptamers inhibited binding of a non-conformation-specific antibody that recognizes a linear epitope in CCR5 (Fig. 2C) , they did not appear to simply alter CCR5 conformation at the cell surface. Indeed, immunoblotting of whole-cell lysates showed that the active traptamers caused a marked reduction in total CCR5 protein expression compared to the samples obtained from cells expressing the empty vector or the unselected clone (Fig. 3B) . Notably, cells expressing BY6 displayed the most dramatic reduction in total levels of CCR5 protein even though BY6 was not as active as the other traptamers at reducing the amount of cell surface CCR5, as measured by flow cytometry (Fig. 2C) .
To explore the effects of the traptamers in more detail, cell surface biotinylation and immunoblotting were used to mea- (A) BaF3-CCR5 cells were infected with the empty vector (red), the YX4 library (dark blue), or the secondary, tertiary, or quaternary libraries generated after each round of the screen (green, purple, and light blue, respectively). Data for parental BaF3 cells lacking CCR5 are shown in black. Nonpermeabilized cells were incubated with a conformation-specific, anti-CCR5 antibody (45523) and analyzed by flow cytometry. (B) Parental BaF3 cells (black) and BaF3-CCR5 cells expressing vector (red), clone BY1 (dark blue), clone BY2 (light blue), clone BY3 (orange), clone BY4 (dark red), clone BY5 (blue-green), clone BY6 (green), or unselected clone US7 (purple) were stained and analyzed as described for panel A. (C) The geometric mean fluorescence intensity (MFI) calculated for each sample in the experiment shown in panel B (black bars) and in a similar experiment using the non-conformation-specific anti-CCR5 antibody CTC5 (white bars) is plotted as a percentage of that observed for the vector-only control cells. Results shown are the averages of two independent trials, with error bars representing standard error. (D) RIPA-MOPS extracts were prepared from BaF3-CCR5 cells expressing empty vector, the indicated selected clone, or US7. Samples were immunoprecipitated and immunoblotted with anti-HA antibodies. Molecular mass markers in kDa are shown on the left. Clone BY5 had a mutation in the HA tag (Fig. 1A) and was therefore not included here. Correction of the mutation allowed detection of this traptamer but did not affect the ability of BY5 to downregulate cell surface CCR5 expression (data not shown).
FIG 3 Traptamers reduce total CCR5 protein levels but not mRNA levels. (A)
Total RNA was isolated from BaF3-CCR5 cells expressing empty vector, the indicated active clone, or an unselected clone (US7). CCR5 mRNA was measured by qRT-PCR and normalized to GAPDH expression. Fold change in mRNA expression is plotted compared to levels in vector-infected cells. Three independent experiments yielded similar results, and data from one such experiment are shown. (B) RIPA-MOPS extracts were prepared from parental BaF3 cells and from BaF3-CCR5 cells expressing empty vector, the indicated traptamer, or an unselected clone (US7) and then immunoblotted with a CCR5-specific antibody (CKR-5) (top panel). The membrane was stripped and reprobed for actin (bottom panel). Molecular mass markers in kDa are shown on the left. Similar results were obtained in multiple independent experiments. (C) Intact cells were biotinylated as described in Materials and Methods, and biotinylated proteins were recovered using streptavidin beads. The pellet fraction was immunoblotted directly to detect cell surface CCR5 (top panel), while the supernatant fraction was immunoprecipitated with an antibody specific for CCR5 (CKR-5) and then immunoblotted with the same antibody to detect intracellular CCR5 (bottom panel). The two panels are at the same exposure. Molecular mass markers in kDa are shown on the left. Similar results were obtained in multiple independent experiments. sure cell surface and intracellular pools of CCR5. Nonpermeabilized cells were treated with biotin, and biotinylated proteins in whole-cell lysates were separated from nonbiotinylated proteins by streptavidin affinity pulldown. Both fractions were then analyzed by immunoblotting with a non-conformation-specific anti-CCR5 antibody (CKR-5). As shown in Fig. 3C , the majority of CCR5 in control cells expressing empty vector was intracellular. Furthermore, the effects of the traptamers on cell surface CCR5 expression (top panel) detected by this method were consistent with the flow cytometry results; namely, the traptamers markedly reduced cell surface CCR5 expression, but more cell surface CCR5 persisted in cells expressing BY5 and BY6 than in cells expressing the other traptamers. In contrast, most traptamers caused little reduction in intracellular (i.e., nonbiotinylated) CCR5 (Fig. 3C,  bottom panel) . However, cells expressing BY6 contained markedly reduced levels of intracellular CCR5. Thus, the low level of CCR5 detected in total lysates of cells expressing BY6 is due to the preferential depletion of intracellular CCR5 by this traptamer. These results confirmed that the active traptamers inhibited cell surface CCR5 expression and suggested that they decreased CCR5 stability. In addition, BY6 appears to act differently than the other active traptamers because it efficiently reduced intracellular as well as cell surface CCR5.
Traptamers downregulate CCR5 and inhibit HIV in human cells. We also determined the effect of the traptamers on expression of CCR5 in two human T-cell lines: PM1 cells, which express endogenous CCR5, CXCR4, and CD4, and CEM.NKR-CCR5 cells, which express endogenous CXCR4 and CD4 and exogenous human CCR5. Expression of individual traptamers reduced the binding of conformation-specific (2D7) and non-conformationspecific (CTC5) anti-CCR5 antibodies in both cell lines (Fig. 4A  and B ), but CCR5 downregulation was less dramatic in either human cell line than in BaF3-CCR5 cells. In addition, the relative potencies of the various traptamers differed in different cells (e.g., BY6 was one of the most active traptamers in downregulating cell surface CCR5 in CEM.NKR-CCR5 cells, while it was one of the least active traptamers in BaF3-CCR5 cells). Stable expression of the traptamers did not inhibit cell growth (data not shown), consistent with the expectation that our cellular selection method would eliminate toxic traptamers.
We then tested the effects of the traptamers on transduction by pseudotyped, single-cycle HIV reporter viruses expressing enhanced yellow fluorescent protein (eYFP). The HIV reporter was complemented in trans with CCR5-tropic (R5-tropic) or CXCR4-tropic (X4-tropic) HIV envelope proteins or with the vesicular stomatitis virus (VSV) G envelope protein, which does not depend on CCR5 for entry. These reporter viruses were used to infect PM1 cells stably expressing individual traptamers (the reporter viruses did not efficiently infect CEM.NKR-CCR5 cells). After 72 h, the cells were analyzed by flow cytometry for eYFP fluorescence. In this assay, all of the traptamers recovered from the library reduced transduction by reporter viruses pseudotyped with R5-tropic envelope proteins (ADA and BaL), while the unselected clone had no effect (Fig. 5 and data not shown) . BY1 and BY6 were the most active, inhibiting transduction by up to 80%. As expected, none of the traptamers inhibited infection by a VSV-G pseudotyped reporter virus. Clones BY2 to BY6 did not affect transduction by an X4-tropic pseudovirus ( Fig. 5, Lai ; also data not shown). In contrast, clone BY1 had a modest inhibitory effect on this pseudovirus (Fig. 5 ) even though it did not reduce cell surface CXCR4 levels (Fig. 4C) . None of the traptamers altered cell surface CD4 levels in either human cell line (Fig. 4D and data not shown) . Thus, traptamers isolated on the basis of their ability to reduce cell surface expression of CCR5 in murine cells preferentially inhibited transduction of human T cells by HIV reporter viruses dependent on CCR5 for entry. Interestingly, BY6 reproducibly increased the binding of multiple, different anti-CXCR4 antibodies to PM1 cells (Fig. 4C and data not shown) even though it did not affect transduction by the X4-tropic pseudovirus (Fig. 5) . This increase in antibody binding did not occur in CEM.NKR-CCR5 (Fig. 4E ) or in BaF3-CXCR4 (data not shown) cells, and none of the other traptamers increased CXCR4 staining (data not shown), again suggesting that BY6 acts differently than the other traptamers.
Optimization of anti-HIV activity in human cell lines. We subjected the TM segment of BY1 and BY6 to limited random mutagenesis (LRM) and screened the resulting mutant libraries for variants with increased ability to downregulate CCR5 in human T cells. Serial FACS-based isolation of cells displaying the lowest CCR5 antibody binding, recovery of retroviral inserts, and reinfection of naïve PM1 and/or CEM.NKR-CCR5 cells were conducted as described in Materials and Methods, and individual, recovered clones were tested for activity. The most active clone isolated from the BY1 LRM library, designated BY1PC2, had three amino acid substitutions in its TM domain (Fig. 1A) . Three active clones were isolated from the BY6 LRM library and had either three (BY6M3 and BY6M6) or four (BY6M4) amino acid substitutions in the TM domain (Fig. 1A) .
In CEM.NKR-CCR5 cells, the mutant traptamers reduced CCR5 cell surface levels approximately 3-fold better than the parent clones (Fig. 6B and D) . In PM1 cells, these traptamers appeared to downregulate CCR5 only slightly better than or, in the case of BY1PC2, as well as the parent clones ( Fig. 6A and C) , but because of the relatively low levels of CCR5 on the surface of the PM1 cells, it is difficult to reliably detect slight differences in CCR5 expression in these cells. The mutant traptamers did not affect cell (18) and were not quantified here. However, we note that pseudotransduction by the ADA particles was also reduced by the active traptamers. (B) PM1 cells expressing empty vector (black bars), clone BY1 (dark gray bars), clone BY6 (light gray bars), or unselected clone US7 (white bars) were infected with HIV-based eYFP reporter viruses and analyzed as described above. Reporter virus transduction was quantified as the percentage of cells that expressed eYFP, normalized to transduction of cells expressing empty vector. Results shown are the average of at least three independent trials, with error bars indicating standard error. Significance relative to cells expressing vector only was determined by a two-tailed t test: *, P Ͻ 0.05; ***, P Ͻ 0.001. gray bars) , or VSV-G (white bars), and reporter virus transduction was determined as described in the legend for Fig. 5 . Data shown are the average of at least two independent trials (three for Lai and five for ADA) with error bars indicating standard error. Significance relative to cells expressing vector only was determined by a two-tailed t test: *, P Ͻ 0.05; **, P Ͻ 0.005; ***, P Ͻ 0.001. surface expression of CXCR4 or CD4 (data not shown). Notably, BY1PC2 was reproducibly 3-fold more active than BY1 in the HIV pseudovirus transduction assay in PM1 cells, inhibiting transduction by an R5-tropic reporter virus by almost 90% compared to cells expressing the empty vector (Fig. 6E) . BY1PC2 also inhibited an X4-tropic pseudotype by 40% but was inactive against the VSV-G pseudotype. Similarly, the BY6 mutants were reproducibly 2-to 4-fold more active than BY6, with BY6M4 inhibiting R5-tropic reporter virus transduction by greater than 95% (Fig. 6E) . BY6 and the BY6 mutants were inactive against the X4-tropic and VSV-G pseudotypes. BY1PC2 and BY6M4 also dramatically inhibited transduction by several additional R5-tropic pseudotypes, including three packaged with envelope genes cloned directly from patient isolates of various HIV subtypes (Fig. 7A and B) . Furthermore, BY1PC2 and BY6M4 displayed intermediate activity against an R5X4-tropic pseudotype, 89.6, which can use either CCR5 or CXCR4. These results indicated that BY1PC2 and BY6M4 are active against a broad range of R5-tropic pseudotypes derived from various HIV subtypes and that this activity is dictated by the dependence of a given Env strain on CCR5.
Because the traptamers appeared to act by reducing expression of CCR5 rather than by altering its conformation, we reasoned that they might retain activity against viruses resistant to smallmolecule CCR5 inhibitors. To test whether BY1PC2 and BY6M4 were effective against a drug-resistant Env, we generated an eYFP reporter virus pseudotyped with R3, an R5-tropic, maraviroc-resistant HIV Env. The R3 Env was isolated from a patient exhibiting virologic failure while on a maraviroc-containing treatment regimen (42) . Because the R3-pseudotyped virus did not efficiently infect PM1 cells, presumably because of the relatively low CCR5 expression levels in these cells, we tested the ability of traptamers to inhibit transduction of TZM-bl cells, which were engineered to overexpress exogenous CD4 and CCR5. As assessed by flow cytometry for eYFP fluorescence, treatment with maraviroc almost completely inhibited transduction by reporter viruses pseudotyped with the R5-tropic envelope protein ADA, but the pseudotype with the maraviroc-resistant R3 envelope was markedly resistant to the drug, as expected (Fig. 7C) . Strikingly, BY1PC2 and BY6M4 were highly active against the R3-pseudotyped virus (ϳ90% inhibition). Thus, env mutations that confer high-level resistance to maraviroc did not inhibit the action of these traptamers.
We also tested the activity of BY1PC2 in a multicycle HIV replication assay. PM1 cells expressing this traptamer were exposed to an infectious R5-tropic HIV strain, pNL-BaL, and a control X4-tropic strain, pNL4-3. Virus produced by these cells was harvested at various time points, and HIV replication was assayed by infecting TZM-bl cells with the viral supernatants and measuring luciferase activity in response to Tat-mediated induction of the integrated HIV promoter in these reporter cells. In PM1 cells expressing the unselected clone US7, HIV titers rose almost 300-fold following infection, peaked at 6 days after infection, and then declined to a steady-state level approximately 1.5 logs higher than the day 2 time point, as expected (Fig. 7D) . Strikingly, expression of BY1PC2 delayed HIV replication and inhibited peak virus production by approximately 100-fold, and HIV titers returned to baseline levels approximately 2 weeks after the initial infection. In contrast, peak production of X4-tropic pNL4-3 was not inhibited by BY1PC2 (Fig. 7E) . We note that pNL4-3 replication was delayed in the presence of BY1PC2, consistent with our finding that this traptamer caused a modest inhibition of transduction by a reporter virus pseudotyped with an X4-tropic HIV envelope (Fig. 6E) .
Activity of traptamers against CCR2b and chimeric receptors. To begin to explore the mechanism of action of the traptamers, we first tested their activity against human CCR2b, a chemokine receptor which is nearly 90% identical to CCR5 in the TM regions (8) . Despite this extensive similarity, most of the traptamers did not affect cell surface expression of exogenous CCR2b in BaF3 cells (Fig. 8A) . Expression of clone BY6 caused a modest reduction in CCR2b expression. In order to determine whether specific TM domains of CCR5 were required for the activity of the traptamers, two receptor chimeras were constructed and tested ( Fig. 8B) . In one chimera (denoted 5555255), the fifth TM domain of CCR5 (TM5) was replaced with the corresponding CCR2b sequence, which differs by only 4 amino acids. Cell surface 5555255 expression was completely refractory to inhibition by three of the selected proteins (BY1, BY3, and BY4), suggesting that they directly interact with TM sequences of CCR5, likely including residue(s) within TM5 (Fig. 8C) . Clones BY2 and BY5 caused a slight decrease in cell surface expression of this chimera, far less than their effect on wild-type CCR5. Clone BY6 effectively downregulated 5555255, indicating that this chimera was not intrinsically resistant to traptamer-mediated downregulation (Fig. 8C) and that BY6 recognized CCR5 differently than the other traptamers. In the second chimera (denoted 2225552), the region encompassing CCR5 TM domains 4, 5, and 6 was introduced into CCR2b (35) . None of the tested traptamers inhibited 2225552 cell surface expression (Fig. 8D) , showing that TM domains 4, 5, and 6 of CCR5 were not sufficient for traptamer activity.
DISCUSSION
We developed a FACS-based screening approach to identify small, artificial TM proteins that specifically downregulated cell surface expression of the HIV coreceptor CCR5. The most active traptamers almost completely blocked expression of CCR5 and dramatically inhibited R5-tropic HIV reporter viruses and infectious R5-tropic HIV. These results highlight the power of a FACS-based biological screen of a completely randomized TM protein library to isolate rare clones encoding biologically active proteins from among hundreds of thousands of inactive sequences.
We previously isolated traptamers that stimulated cell growth by activating the platelet-derived growth factor ␤ receptor (PDGF␤R) or the human erythropoietin receptor (hEPOR), each of which contains single membrane-spanning segments (7, 13, 14) . The traptamers reported here specifically inhibited expression of a multipass TM protein, CCR5, by affecting its translation or stability. Posttranscriptional downregulation of a target is distinct from the mechanisms employed by the traptamers we isolated previously. Traptamers that activate the PDGF␤R induce receptor dimerization, and the activator of the hEPOR is thought to cause an activating conformational change in the receptor. Thus, despite the superficial similarity of these small, hydrophobic proteins, they can have diverse effects on their targets. In addition, covalent dimerization of the hEPOR activator and most of the PDGF␤R activators is required for activity, but all of the traptamers active against CCR5 were truncated, indicating that neither the C-terminal cysteines nor covalent dimerization is required for anti-CCR5 activity.
The very hydrophobic nature of the traptamers suggests that they reside within cellular membranes, and CCR5, with seven TM domains, is mostly embedded in the membrane as well. Furthermore, amino acid differences in a single CCR5 TM domain blocked the activity of most of the traptamers, and certain amino acid substitutions in the TM domains of BY1 and BY6 (in the optimized traptamers) increased their activity. Based on these results and previous results with the well-studied E5 protein (40), we hypothesize that the traptamers engage in lateral, hydrophobic interactions with the TM domains of CCR5. We further hypothesize that binding of the traptamer disrupts the intramolecular interactions that normally stabilize the hydrophobic core of CCR5, thereby affecting its ability to fold into the proper threedimensional conformation. This in turn is likely to destabilize CCR5 directly or result in its aberrant trafficking, which might indirectly result in accelerated degradation. Attempts to demonstrate a physical interaction between the traptamers and CCR5 are complicated by the low receptor levels resulting from traptamer action and have so far been unsuccessful. Additional experiments are required to determine the mechanism by which the traptamers downregulate CCR5.
The traptamers that cause CCR5 downregulation have diverse TM sequences, and they are highly specific. Only BY6 affected expression of CCR2b, demonstrating that this traptamer has different and possibly less specific sequence requirements for activity. Most traptamers had minimal effects on the 5555255 chimera, implying that TM5 is a target domain common to several traptamers. Alternatively, TM5 may be important for maintaining a conformation of CCR5 required for traptamer activity or contain a signal required for traptamer-mediated downregulation. However, the 5555255 chimera traffics to the cell surface, is recognized by the conformation-specific antibody 2D7, and can support infection by R5-tropic HIV pseudoviruses (unpublished results), implying that it is not grossly misfolded. Furthermore, TM5 is not required for BY6-mediated downregulation of 5555255. CCR5 TM5 in the context of the 2225552 chimera is not sufficient for traptamer-mediated downregulation, implying that additional segments of CCR5 are required for traptamer recognition or for subsequent steps of traptamer action. The traptamers downregulated expression of CCR5 in human T cells, but they were more active in mouse cells, where the initial selection was performed, perhaps because of species-or cell-typespecific differences in the cellular machinery that mediates CCR5 downregulation by these proteins. We increased the activity of two of the traptamers by limited random mutagenesis and additional cycles of screening in human cells. The most active traptamers isolated so far specifically inhibited transduction of PM1 T cells by a panel of pseudotyped R5-tropic HIV reporter viruses by 95% or more and dramatically inhibited replication of an R5-tropic HIV strain, demonstrating that traptamers are active in both singlecycle and multicycle HIV infectivity assays. The traptamers were inactive or showed markedly lower activity against X4-tropic HIV reporter viruses or X4-tropic HIV. This specificity implies that the traptamers block virus entry, the step mediated by the gp120-coreceptor interaction.
These traptamers may inform our understanding of how the TM domains of CCR5 interact with one another and contribute to its proper folding, trafficking, cell surface expression, metabolism, and activity, and they may help identify the TM segments of CCR5 that are most suitable as therapeutic targets. For example, although the small-molecule inhibitor maraviroc is thought to interact with residues in CCR5 TM domains 2, 3, and 7 (15, 26) , our results suggest that TM5 should also be considered in inhibitor design. Indeed, other studies have demonstrated that residues in TM5 play an important role in stabilizing an HIV-resistant conformation of CCR5 that is recognized by small-molecule inhibitors (5, 15) .
Because the traptamers have diverse TM sequences, they are likely to have different effects on CCR5 conformation and activity. Thus, different traptamers may uniquely probe different aspects of CCR5 structure and function. For example, only BY6 showed strong activity against 5555255, implying that it interacted with this chimera differently than the other traptamers. In fact, BY6 downregulated 5555255 more effectively than CCR5 itself, implying that TM5 of CCR5, which is required by the other traptamers, may actually restrain the activity of BY6. BY6 is also unusual because it increased antibody binding to CXCR4 in PM1 cells. BY6 may alter the heterodimerization of CCR5 and CXCR4, a phenomenon which is well documented in the literature (9, 22) , and thus promote the exposure of CXCR4 epitopes that are otherwise hidden. Additionally, BY6 has the unique ability to deplete the internal pool of CCR5, which may contribute to its strong activity against HIV. BY1 also appears to engage CCR5 in a different manner than the other traptamers. BY1 and its mutant BY1PC2 were the only traptamers that inhibited transduction by an X4-tropic reporter virus in PM1 cells, which express both CXCR4 and CCR5, even though these traptamers did not downregulate CXCR4 expression in these cells (Fig. 5 and 6E ). The ability of these traptamers to inhibit an X4-tropic virus may be due to cross talk between CCR5 and CXCR4, mediated by coreceptor heterodimerization (9, 22) . It is likely that traptamers can be further optimized and diversified by additional rounds of mutagenesis and selection, thereby generating a wide variety of sequences with subtly different activities. Indeed, the BY6 mutants have lost the ability to upregulate CXCR4 expression in PM1 cells (data not shown) but have acquired even stronger anti-HIV activity. Furthermore, by screening additional libraries and by using different selection strategies, we recently isolated additional CCR5-specific traptamers with different TM sequences (unpublished results).
Thus, traptamers are likely to provide a new and highly diverse set of reagents to probe TM domain structure and function.
Our results showed that traptamers are highly active against reporter viruses pseudotyped with HIV envelope proteins from clinical isolates, including a maraviroc-resistant envelope protein. Thus, traptamers that downregulate CCR5 may lead to new gene therapy or peptide antagonist approaches to inhibit HIV infection. Traptamers may also serve as the basis for the design of peptidomimetic drugs. Rational design of drugs targeting TM domains is often challenging because minimal structural information about the target is available. Our screening approach is advantageous in this regard as it allows for the genetic selection of active starting points for inhibitor design. Although each of these approaches would require a major development effort, our isolation of multiple, diverse, highly potent anti-HIV proteins that have never occurred in nature suggests that we have created a large and untapped pool of structures with potential clinical utility.
Our success in isolating artificial proteins that modulate singlepass and multipass TM proteins points to the generality of this method. In contrast to a previous study, where peptides were designed based on the predicted TM regions of CCR5 and CXCR4 (41), we used biological selection to identify multiple different proteins with the desired activity. Thus, our approach did not require previous knowledge of the sequence or structure of the target protein and is potentially applicable to numerous TM protein targets for which the appropriate antibodies or labeled ligands exist. This approach seems ideally suited for identifying agents that activate or inhibit GPCRs as each of their seven TM domains constitutes a potential binding site for a traptamer. Because GPCRs comprise a large class of drug targets, traptamers may be a rich source of important new bioactive compounds.
